Abstract-Left-right (LR) asymmetry is a biologically conserved property in living organisms that can be observed in the asymmetrical arrangement of organs and tissues and in tissue morphogenesis, such as the directional looping of the gastrointestinal tract and heart. The expression of LR asymmetry in embryonic tissues can be appreciated in biased cell alignment. Previously an in vitro chirality assay was reported by patterning multiple cells on microscale defined geometries and quantified the cell phenotype-dependent LR asymmetry, or cell chirality. However, morphology and chirality of individual cells on micropatterned surfaces has not been well characterized. Here, a Python-based algorithm was developed to identify and quantify immunofluorescence stained individual epithelial cells on multicellular patterns. This approach not only produces results similar to the image intensity gradientbased method reported previously, but also can capture properties of single cells such as area and aspect ratio. We also found that cell nuclei exhibited biased alignment. Around 35% cells were misaligned and were typically smaller and less elongated. This new imaging analysis approach is an effective tool for measuring single cell chirality inside multicellular structures and can potentially help unveil biophysical mechanisms underlying cellular chiral bias both in vitro and in vivo.
INTRODUCTION
Left-right (LR) asymmetry, or chirality, is a well conserved phenomenon in the nature, from dextral and sinistral helices in the shells of snails, 17 LR asymmetry of the internal organs and the central nervous system of mammals, 11, 14 to the significant right handed bias in the rotation of climbing plants during twining. 6 Deviations of normal asymmetry often lead to birth defects such as situs ambiguous, where one or two the internal organs are in mirrored position. 31 In developmental biology, using animal models such as chick and mouse, several models have been proposed to explain the establishment of LR asymmetry, such as the primary cilium theory 15 and voltage gradient theory. 11, 12 While animal models provide many associations with signaling pathways related to LR asymmetry, well-controlled in vitro approaches and automated chirality characterization are necessary to illustrate intracellular biophysical mechanisms underlying the LR breaking in embryonic development.
Recently, several studies have shown that chirality occurs at the cellular level. With live cell fluorescence imaging, Xu et al. demonstrated that neutrophils exhibited biased migration towards the left side of the centrosome-nucleus axis. 29 Wan et al. used a cell micropatterning technique, analyzed still phase contrast images of patterned cells, and found that cells have an innate, distinct chiral bias, which is dependent of cell phenotype and mediated by actin. [24] [25] [26] The scale of chiral bias of epithelial cells was shown to depend on cell-cell adhesion. 28 Cells lost their distinct chirality when exposed to carbon nanotubes due to oxidative stress, suggesting a potential application of cell chi-rality as a biomarker for detecting cell toxicity. 18 Chen et al. reported a similar cell chiral alignment with vascular mesenchymal cells at micropatterned boundaries. 3 On the embryonic level, Taniguchi et al. showed that chiral biases in cell shape regulate asymmetric looping of the Drosophila hindgut by analyzing the angle of cell edges in epithelial sheets. 8, 21 The authors illustrated that wild-type hindgut epithelial cells have a left-handed bias and demonstrated that the left-handed rotation of the hindgut was caused simply by cellshape chirality through computer simulation.
Collective cell chiral behavior requires automated, detailed analyses on the cellular level. Previously Wan et al. developed a simple MatLab-based automated cell chirality detection method, 25 based on the detection of the intensity gradient of phase contrast images of the cells. 9 The cell has a contour brighter than the interior region. The spatial intensity gradients, determined pixel-by-pixel, were used to define local dominant direction of sub-regions (typically squares) of an arbitrary size from the image, using an accumulator scheme. The other method of chirality analysis was reported by Taniguchi et al., in which the orientations of edges of all cells were measured. The biased angle was defined as the angle between the edge and the vertical (''anterior-posterior'') axis in the image. In the Drosophila epithelial hindgut, cell alignment was determined to bias towards the left side. 21 None of these methods, however, are based on individual cells and as a result analysis of cell-cell and cell-boundary interactions is not possible, although they are important for this collective cell phenomenon. In this study, we aim to develop an individual cellbased approach to quantify the chirality of each cell on micropatterned geometries. We believe that such high content analysis will provide deep insights of the biophysical mechanisms of collective chiral morphogenesis on micropatterned surfaces as well as in LR symmetry breaking during embryonic development.
MATERIALS AND METHODS

Microcontact Printing
Microcontact printing was performed using polydimethylsiloxane (PDMS) stamps and self-assembled monolayers (SAMs) as previously described. 23, 25 The procedure is highlighted in Fig. 1a . Micropatterned rings have an inner diameter of 90 lm and a width of 235 lm.
Cell Culture
Madin-Darby canine kidney (MDCK) epithelial cells were maintained in the Dulbecco's modified Eagle's medium (DMEM) with High Glucose (Life Technologies) with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, and 1% penicillin-streptomycin. Cells were passaged using Trypsin-EDTA and seeded onto patterned surfaces. Once attached, extra cells are removed by washing with culture medium.
Immunofluorescence Imaging
Micropatterned cells were cultured to confluency over 24-36 h. Cells were fixed with 4% paraformaldehyde and stained for tight junctions with ZO-1 antibody and nuclei with 4¢,6-diamidino-2-phenylindole (DAPI). Phase contrast and fluorescence images of cells and nuclei were taken for morphological and alignment analyses. The algorithm is described below and also schematically outlined in Fig. 1b .
Image Pre-processing
Image processing steps are highlighted visually in Fig. 2 . Using ImageJ, ZO-1 images of cells (Fig. 2a, b) were adjusted for brightness to highlight cells. To remove smooth continuous backgrounds of the fluorescence image, background subtraction from ImageJ was used with a rolling ball radius of 20 pixels, as previously reported. 2 Images were smoothed with a medium filter of a 3 pixel width. The images were then binarized ( Fig. 2c ) and for discontinuities using the brush tool. Finally, the images were inverted to a black background with white features and a despeckling algorithm was used to remove remaining artifacts such as small dots. Nuclei images were run through a similar protocol.
Algorithm Development and Pipeline
The Python-based algorithm was developed to further segment and analyze cells and nuclei in the preprocessed images for quantifying both morphological and chiral features. Pre-processed cell images were first doubled in size. The images were then further run through a watershed algorithm and skeletonized, using the SimpleITK library for Python 2.7.6 13 (Fig. 2d ). Images were then converted into a binary array and run through a nearest neighbor protocol, using the Numpy library. 16 This protocol analyzes all the elements in the array and identifies all the ''on'' pixels, i.e., those that have a value of 1 rather than 0, which are designated as ''off'' pixels. These ''on'' pixels are further grouped in order to find pixels with more than two neighbors, which are termed as ''nodes''. Nodes are associated with each other through pixels connecting them and paired to designate edges. Edges were simplified to straight edges. OpenCV, an image drawing library, can be utilized to generate the polygonized image for visualization or storage, 1 which consists of nodes and straight-line approximation of edges. From these saved polygonized images, individual cells and their edges could be easily identified through a connected component protocol in the SimpleTIK library for determining morphological features and alignment angles as described below (Fig. 2e) . Pre-processed nuclei images were simply processed through thresholding. Images were analyzed for chiral and morphological features. Cells and nuclei are paired. Cells that either had multiple nuclei or no nuclei were filtered out. Potential cell objects with no nuclei are likely regions that are not occupied by individual cells, while objects with multiple nuclei may represent proliferating cells or improperly segmented cells. By pairing cells and nuclei, we ensure that the objects analyzed are indeed the individual cells and their single nuclei.
Determination of Chiral and Morphological Features
The major morphological features for both cells and nuclei were calculated using the regionprops function in the scikit-image library. 22 These features include cell and nucleus label area, centroid, major and minor axes, and perimeter. From these parameters, additional morphological features, such as alignment angle, aspect ratio and shape indices were also derived ( Fig. 2f ).
Chiral Alignment Definitions
Alignment angles that were between 290°and 25°w ere binned as clockwise (CW), whereas angles that were between 5°and 90°were binned as counterclockwise (CCW). Angles that were between 25°and 5°are binned as non-chiral (NC). All graphs were with respect to the percentage of cells or nuclei.
Comparison with Previous Approaches
The current approach was compared with previous approaches for the bias in angles. The first approach was an intensity gradient approach, reported by Wan et al., in which images were broken into sub-regions and the local intensity magnitudes and orientations were calculated. The dominant orientation was determined in each sub-region and the overall distribution bias was calculated using a von Moses distribution. 25 The second approach was an edge-based method, reported by Taniguchi et al., in which the angles of the edges were considered. 21 This concept was modified to calculate angles in cylindrical coordinates in this study.
Angles could either be biased left (290°to 25°) or biased right (5°to 90°), and the bias of the image was calculated using a cumulative distribution function.
Statistical Analysis
All data is presented as mean ± standard error of mean. Alignment bias was determined using a Chi squared test. The variation of cellular and nuclear morphological parameters with the radial distances was assessed using a one-way analysis of variance (ANOVA). Finally, differences between properly aligned and improperly aligned cells at various radial distances were determined using a two-way ANOVA. Fisher's LSD post hoc tests were performed at a 95% confidence interval to determine statistical significance.
RESULTS
Current Approach Validation
We first compared our results to those of previously published methods. With the intensity gradient-based analysis, the local dominant direction of cell alignment was determined as short green lines for each square sub-region, as seen in Fig. 3a, d , g. As the size of subregion can be chosen more or less arbitrarily, the percentage of calculated CCW rings ranges from 52.6% (20 out of 38) for a 35 lm by 35 lm sub-region, as reported in Fig. 3k , to 47.4% (18 out of 38) for a 45 lm by 45 lm sub-region (data not shown). With the edge-based method, the chirality was determined by comparing CW and CCW aligned edges, as highlighted in Fig. 3b , e, h. With this method, we failed to detect any significance in chiral alignment in these rings. Finally, with our individual cell-based analysis, demonstrated in Fig. 3c , f, i, 57.9% of the rings were CCW, which is comparable to the results from the intensity gradient-based method in Fig. 3k . The average alignment angles, as defined in Fig. 3j , were 5.24 ± 1.6°( mean ± standard error) for the intensity-gradient technique (Fig. 3g ) and 10.2 ± 0.4°for the individual cell method (Fig. 3i) . The distribution of alignment angles and significance of bias for each image, using the individual cell-based method, is demonstrated in Supplementary Material, Table S1 .
Although polygonization is often preferred for analyzing epithelial layer due to its great simplification, it may cause in inaccuracy in determining cell chirality. To evaluate the possible influence, we also performed the analysis without polygonization, we found that it produced similar results ( Figure S1 ).
Nucleus Analysis Demonstrates Chirality
Nuclei also showed a biased alignment (Fig. 4) . The nuclei image (Fig. 4a) corresponds to the ring in Fig. 3 , and the small dashed line box indicates the region of interest. Figure 4b , c highlights the thresholded image, and the labeled image with alignment angles for individual nuclei. The nuclei have a bias towards CCW alignments with a positive average angle of 5.5 ± 0.5° (  Fig. 4d) . When compared to individual cell analysis, the nuclear alignment can also be used to determine the chirality of multicellular rings, as both demonstrate a similar bias, with 57.9% (22 out of 38) of the cellular rings demonstrated a cellular CCW bias, and 50% (19 out of 38) having a nuclear CCW bias. The distribution of alignment angles and significance of bias of nuclei for each image is demonstrated in Table S2. Cells and nuclei were then analyzed for correlations between their respective alignment angles and morphological features ( Figure S2 ). There was no strong correlation between cellular and nuclear aspect ratios. The areas, major axes, and alignment angles were highly correlated between cells and nuclei (R 2 > 0.5).
Variation of Cellular and Nuclear Morphologies Over Radial Distance
We next analyzed how alignment and morphology change between the inner and outer boundary of the ring patterns. Because CCW was dominant (57.9% of rings), only CCW rings were considered in this analysis (22 rings in total). Figure 5a highlights a region of the ring from the inner boundary to the outer boundary. The cells and nuclei are smallest at the inner boundary and cells are largest in the middle region of the ring, as confirmed in quantification in Fig. 5b , e. The area of cells and nuclei at the inner boundary is 516 ± 30 and 123 ± 3 lm 2 respectively. While cells reach a maximal size of 605 ± 11 lm 2 in the middle of the ring, nuclei grow larger as they approach the outer boundary to 146 ± 2 lm 2 . The aspect ratios for cells and nuclei have a similar trend, in which they are largest at the inner boundary, 3.11 ± 0.09 and 2.02 ± 0.03 respectively, and smallest in the middle, 2.31 ± 0.05 and 1.54 ± 0.01 respectively, as demonstrated in Fig. 5c , f. Alignment angles show a general trend of increasing from the inner boundary towards the outer boundary as seen in Fig. 5d , g. Further, both cell and nuclei alignment angles share the same alignment trend and appear to have a CCW bias at all radial positions. All morphological features (Fig. 5b-f ) were found to be significantly different between inner and outer boundaries. In terms of alignment angles, a significant difference between two boundaries was only observed for the cells, but not for the nuclei.
Misaligned Cells are Morphologically Distinct
It was then asked whether cells that are misaligned in culture are morphologically distinct from the properly aligned cells. For this purpose, we analyzed individual cells on CCW rings (22 rings in total). Any cell that had an alignment angle that was defined as a CCW was taken to be a properly aligned cell and any cell that had a CW alignment angle was defined as a misaligned cell.
The percentage of misaligned cells is around 33-34% near two boundaries, and is slightly higher (37%) in the middle region (Fig. 6a, b) . The misaligned cells tend to be slightly smaller than (though not significantly different from) properly aligned cells (Fig. 6c) . This divergence in size is most significant as the cells begin to approach the outer boundary at 522 ± 19 lm 2 for misaligned cells against 573 ± 14 lm 2 for properly aligned ones. This trend is shared by the nuclei in Fig. 6d , which demonstrate that misaligned cells have significantly smaller nuclei at the outer boundary (140 ± 3 lm 2 vs. 146 ± 2 lm 2 ). The aspect ratio of misaligned cells is smaller in the interior regions, while it is similar at boundaries as shown in Fig. 6e , and the trend is not obvious for the nuclei (Fig. 6f) . Similarly, the major axis length of the cell is significantly smaller for misaligned cells (Fig. 6g, h ), while that of the nucleus is similar between two groups. Finally, as expected, alignment angles are similar between properly aligned and misaligned cells, albeit it on opposite sides of 0°, with a larger magnitude found in the interior region compared to two boundaries (Fig. 6i) . It was also noted that nuclei align themselves similarly to the cells in Fig. 6i as trends between aligned and misaligned cells are conserved in the nuclei. Taken together, this data suggested that misaligned cells are typically smaller and less elongated, and have a slightly higher occurrence rate in the interior region than at the boundaries. 
DISCUSSION
In this study, a Python-based image processing algorithm has been developed for analyzing the chiral alignment of individual cells and nuclei, using an object labeling technique. We show that this new approach can produce similar but more reliable results compared to the previously reported intensity gradient-based method. In addition, cell nuclei are found to have a similar chirality as the cells. Finally, misaligned cells tend to be smaller and less elongated, when compared to properly aligned cells. Benefiting from the large amount of data retrieved from this algorithm, this system provides a unique insight into chiral morphogenesis of epithelial cells.
Current Approach Accurate and Output Intensive
The presented approach was demonstrated to be highly accurate in both visual validation and when compared to previous approaches, as seen in Figs. 2, 3 . Results were similar to those generated by the intensity gradient based analysis, which have been used in several studies, 18, 25, 28 and the only slight deviation was in the final count of CCW against NC (non-chiral) rings.
When compared to the edge-based method, the individual cell-based method was more sensitive to the chiral alignment of the cells. One explanation is that the individual cell in vitro is defined to align along its major axis, which is closely associated with the direction of cell elongation, or the direction of longer edges. As a result, the orientation of short edges, which are typically not along the direction of the cell, is weighed less in the individual-cell based analysis. Therefore, it is much more sensitive when compared to the edge-based analysis in which all edges is treated equally.
The edge-based method worked for the images of in vivo gut development 8, 21 because the cell morphology is quite different from what was observed on micropatterned surfaces. For gut development, the lengths of cell edges are all similar in a cell, and the direction of the entire cell is determined by the orientation of cell edges, which can be potentially captured by the edge-based method. As a result, the chirality of the cell can be measured as the chiral alignment of edges. For this case, the individual cell-based method should work as well, if not better. It is worthy to point out that the current approach has several advantages over the intensity-gradient based method. First, this new approach considers the actual morphologies of individual cells rather than regions of the image, 9 which may need to be tuned for a particular cell type based on cell size and each subregion can contain portions of multiple cells rather than an individual cell. Further, as seen in Fig. 4, this approach is able to also analyze cell nuclei, which the previous approaches analyzed are unable to do. Finally, this approach allows for high-content analysis, as it generates a large amount of data for studying cellcell and cell-boundary interactions and enables the exploration of biophysical mechanisms of this collective chiral morphogenic process of epithelial cells.
Nuclei Exhibit Chiral Alignments Similar to the Cells
Many studies demonstrated that when cells are aligned on topographical features, the nuclei also tend to take on those alignments. 4, 7, 19, 27 Here we provided the first evidence that the nuclei also exhibit chiral alignment similar to the cells (Fig. 4) . These results suggest that the nuclei take on the alignments of the cells and may represent an alternative avenue for the quantification of cell chirality. One possible explanation for the consistent alignment of cells and nuclei is that geometric constraints induced cytoskeletal reorganization that move and reposition the nuclei (e.g. in the astrocyte studies of Dupin et al. 5 ). Another explanation is that forces transmitted between cells through adherens and tight junctions cause a remodeling of the cytoskeleton, which forces nuclei to align. 10 Because the biased alignment is transmitted from the cell to its nucleus, and the nucleus is not as flexible as the cells, not all nuclei will take on the proper alignment of cells. 30 This may explain why cell nuclei are typically less biasedly aligned compared to the cells.
Significance of Nucleus Alignment as a Chiral Measure
Cell alignment has been identified as a chiral measure and used for several studies. 18, 25, 28 As the nucleus tends to align themselves with the cells, 4,30 the chiral nuclear alignment is partially expected. However, it has never been proved until now. As nuclear staining or even genetic nuclear labeling is relatively easy to perform, nuclear alignment as a chiral measure potentially has a wide application. In particular, we believe that the identification of nuclear alignment as an additional chiral measure will benefit the LR asymmetry research of embryonic development. For instance, for in vivo 3D studies, it will be much easier to dertimine the nuclear orientation than to measure the shape of cell membrane. Determining the contour of individal cells in 3D cellular structures requires specific labeling and high resolution 3D imaging. Therefore, it will be relatively difficult to implement, especially for 4D time-lapse imaging of embryonic development. Nuclear analysis will be preferred for such applications.
Misaligned Cells are Morphologically Different
Misaligned cells, which take on CW orientations on CCW rings, exhibit divergent morphologies, as shown in Fig. 6 . Further, the associated nuclei of misaligned cells were also demonstrated to be morphologically distinct. Overall, misaligned cells tend to be smaller and less elongated. When cells are smaller and less polarized, the chirality will not be observed as easily, as the establishment of chirality, LR polarity, requires the proper polarization (front-back polarity) of the cell.
We also noticed that the difference in cellular and nuclear area between misaligned and properly aligned cells were largest at a region close to the outer boundary. This is likely because at the outer boundary, larger cells tend to polarize on the boundary and therefore are able to establish a proper chirality, while smaller cells cannot. In the interior region between the boundaries, even large cells will have a higher chance to experience misalignment, since these cells are far away from the boundaries. As a result, the difference in cell morphology can be easily appreciated on cell boundaries.
Limitations
The current approach has been demonstrated to be highly accurate and produce large amounts of data. The ability to track individual cell migration in a monolayer is a significant advantage for possible applications of this new method, but there are a few drawbacks that are worth a discussion. First, it is computationally expensive compared to other approaches, such as the intensity gradient-based method. Second, this method requires pre-processing of images in order to be analyzed. Ideally, a completely automated algorithm is desired for high-throughput analysis. But this issue can be potentially resolved with the implementation of machinelearning algorithms. 20 Finally, the current iteration of this approach requires cells that express cell-cell adhesion proteins for analysis. However, we can use confocal imaging of membrane staining for other cell types that do not express these junctions.
CONCLUSION
In this study, we demonstrated that individual cell and nucleus based analysis represents a robust tech-nique that utilizes object morphologies to determine chiral alignment of patterned cells. Similar but more robust results were obtained, compared to the wellestablished intensity gradient-based analysis. We found that cell nuclei took on chiral alignments that were similar to cells, highlighting the potential of utilizing nuclei to quantify cell chirality. Interestingly, misaligned cells tended towards smaller and less elongated morphologies compared to properly aligned cells, and this difference was evidently observed on the outer boundary. Overall, the current approach is a step forward towards more thorough analyses of collective cell chiral morphogenesis, and it represents the first that allows researchers to investigate the correlation between chiral and morphological features.
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